The aim of the study was to investigate the effects of 6 weeks of resistance exercise training, composed of one set of each exercise to voluntary failure, on insulin sensitivity and the time course of adaptations in muscle strength/mass. Ten overweight men (age 36 ± 8 years; height 175 ± 9 cm; weight 89 ± 14 kg; body mass index 29 ± 3 kg m −2 ) were recruited to the study.
INTRODUCTION
Skeletal muscle has an often underappreciated role in health (Wolfe, 2006) , with low muscle strength being linked with increased risk of a range of poor health outcomes, including all-cause, cardiovascular disease, cancer and respiratory disease mortality (CelisMorales et al., 2018) . Likewise, a low muscle strength has been shown to be associated with higher type 2 diabetes incidence. Findings are more equivocal for low muscle mass, with some studies finding an association with type 2 diabetes incidence, whereas others find no such association (Hong et al., 2017; Li et al., 2016) . Furthermore, the increased risk of cardiovascular disease mortality that is seen in people with type 2 diabetes is attenuated in those with high grip strength (Celis-Morales et al., 2017) . This suggests that the maintenance of muscle strength/mass is important for metabolic c 2019 The Authors. Experimental Physiology c 2019 The Physiological Society health. Resistance exercise (the most efficacious method to increase muscle strength/mass) has been found consistently to improve insulin sensitivity in people with type 2 diabetes (Umpierre et al., 2011) and, although there are fewer studies, the available data indicate a similar effect in healthy adults (Conn et al., 2014; Flack et al., 2011) .
It is, therefore, not surprising that the current physical activity recommendations include advice for adults to perform musclestrengthening activities on 2 days per week (World Health Organization, 2011) . When recommending resistance exercise training, there are many variables to be taken into consideration, including the number of sets, repetitions and load. The American College of Sports Medicine (ACSM) recommends that, for novice lifters, resistance training 2-3 days per week with one to three sets of eight to 12 repetitions, with a training load of 60-85% of one-repetition maximum (1RM), promotes muscular hypertrophy and can maximize strength (Ratamess et al., 2009) . The strength of the evidence in support of these recommendations has, however, been challenged by several researchers (e.g. Carpinelli, 2009; Fisher, Steele, Bruce-Low, & Smith, 2011) .
Indeed, it has been demonstrated recently that if exercise is performed to volitional failure then gains in muscle mass and strength are similar regardless of the load at which exercise is performed (Mitchell et al., 2012; Morton et al., 2016) . The early time course of adaptations to such exercise remains to be established. Interestingly, it was also found that there was no difference in changes in muscle mass/strength when comparing one and three sets to failure of each exercise (Mitchell et al., 2012) . This might have important public health implications, because the time commitment of exercise can be reduced, and it is well established that time is a major barrier to exercise participation (Trost, Owen, Bauman, Sallis, & Brown, 2002) , but the exercise remains efficacious. However, it remains to be established whether this shorter duration of exercise can also improve insulin sensitivity.
The aims of the present study, therefore, were to investigate the effects of 6 weeks of resistance exercise training, composed of one set of each exercise to voluntary failure, on insulin sensitivity and the time course of adaptations in muscle strength/mass, in overweight men.
METHODS

Ethical approval
Participants provided written informed consent, and the study was 
Participants
Ten men (age 36 ± 8 years; height 175 ± 9 cm; weight 89 ± 14 kg; body mass index 29 ± 3 kg m −2 ) volunteered to participate in the study. All participants had a body mass index of >25 kg m −2 , participated in <2 h per week of moderate-to high-intensity aerobic exercise, undertook no resistance training, and were normotensive and free from injury, metabolic or cardiovascular disease.
Study protocol
During a baseline visit, after an overnight fast, participants' body composition (air displacement plethysmography), vastus lateralis muscle thickness (ultrasound) and knee-extensor maximal isometric torque [during a maximal voluntary contraction (MVC)] were measured and an oral glucose tolerance test (OGTT) was undertaken (see Oral glucose tolerance test section for details). A 7 day food diary was then used to measure habitual dietary intake. Participants' 1RM was then determined for the following exercises: leg press, bench press, leg extension, shoulder press, leg flexion, seated row,
New Findings
• What is the central question of this study?
What is the time course of muscular adaptations to shortduration resistance exercise training?
• What is the main finding and its importance? Three days after the final training session, after an overnight fast, a second OGTT was performed and body composition, vastus lateralis muscle thickness and knee-extensor maximal isometric torque were measured. Measurements were taken at the same time of the day by the same investigator. The participants were asked to refrain from any other resistance exercise training for the duration of the study and to maintain their usual physical activity and dietary habits.
Short
Procedures
Vastus lateralis muscle thickness
Muscle thickness was assessed non-invasively via ultrasound at baseline and post-training. Ultrasound is a valid and reliable method used to assess changes in muscular thickness and cross-sectional area (Franchi et al., 2018) . 
Knee-extensor maximal isometric torque and rate of torque development
Oral glucose tolerance test
A cannula was inserted into an antecubital vein and a baseline blood sample collected. Participants then consumed 75 g of glucose made up to 300 ml with water, and further blood samples were collected after 30, 60, 90 and 120 min. Blood samples were analysed for glucose and insulin using a clinically validated analyser.
Body composition
Body fat mass and lean mass were measured via an air-displacement plethysomograph (BOD-POD; Cosmed, Shepperton, UK) according to the manufacturer's guidelines.
Statistical analyses
Time-averaged area under the curve (AUC) was calculated, using the trapezium rule, for glucose and insulin responses during the OGTT.
Glucose and insulin data were also used to estimate insulin sensitivity via the Cederholm index (Cederholm & Wibell, 1990) , as follows:
where BM is body mass (in kilograms), G 0 and G 120 are plasma glucose concentrations at 0 and 120 min (in millimoles per litre), and I mean and TA B L E 1 One-repetition maximum (1RM) for training exercises before and after 6 weeks of resistance exercise training Exercise Baseline (kg)
Post-intervention (kg) Percentage increase
Leg press 1RM 89 ± 18 104 ± 23* 16 ± 5
Leg extension 1RM 72 ± 14 85 ± 13* 19 ± 9
Calf press 1RM 89 ± 24 101 ± 25* 16 ± 8
Leg flexion 1RM 50 ± 14 63 ± 12* 26 ± 13
Chest press 1RM 57 ± 209 69 ± 10* 22 ± 8 Seated row 1RM 65 ± 8 76 ± 7* 17 ± 5
Lat pulldown 1RM 51 ± 6 6 1± 8* 19 ± 9
Biceps curl 1RM 51 ± 5 60 ± 5* 17 ± 8
Triceps curl 1RM 26 ± 6 3 3± 6* 28 ± 17
Sum of individual 1RMs 551 ± 76 651 ± 91* 18 ± 4
Data are means ± SD. * Significant (P < 0.05) difference from baseline values.
RESULTS
The habitual energy intake of participants was 2130 ± 410 kcal day −1 , comprising 82 ± 11 g day −1 protein, 260 ± 69 g day −1 carbohydrate and 86 ± 19 g day −1 fat. Body fat mass was lower (baseline 26 ± 13 kg;
post-intervention 24 ± 13 kg; P < 0.05) and lean mass higher (63 ± 8 versus 65 ± 7 kg; P < 0.05) post-intervention compared with baseline. The 1RM for all nine exercises was higher (P < 0.05) postintervention compared with baseline values (Table 1) . Overall, the sum of individual 1RMs was 18.3 ± 4.5% higher after the intervention, when compared with baseline.
The time-course analysis revealed main effects (P < 0.05) of time for knee-extensor maximal isometric torque and vastus lateralis muscle thickness ( Figure 1 ). Knee-extensor maximal isometric torque was 26.9 ± 8.3% higher and vastus lateralis muscle thickness 10.3 ± 2.5%
higher after the intervention compared with baseline. Post hoc analysis revealed that knee-extensor maximal isometric torque and vastus lateralis muscle thickness were higher, compared with baseline, at weeks 2, 3, 4, 5, 6 and post-intervention. Main effects of time (P < 0.05) were seen for RTD50 and 100, but not RTD200 and 300, with post hoc analysis finding no significant differences between the time points (Figure 2 ).
After the intervention, the time-averaged glucose and insulin AUC were lower (7.4 ± 12.8 and 12.0 ± 17.0%, respectively; both P < 0.05)
relative to values at baseline (Figure 3 ). At baseline, the Cederholm index was 61.6 ± 18.0 mg l 2 mmol −1 mU −1 min −1 , and this increased to 71.3 ± 22.9 mg l 2 mmol −1 mU −1 min −1 after the intervention (P < 0.05);
an increase of 16.3 ± 18.7%.
DISCUSSION
The present study has demonstrated that 6 weeks of resistance exercise, consisting of one set to volitional failure of nine exercises taking 15-20 min per session undertaken three times per week, resulted in a 16% improvement in insulin sensitivity in healthy F I G U R E 1 Knee-extensor maximal isometric torque (a) and vastus lateralis thickness (b) time course of adaptations in response to 6 weeks of resistance exercise training. Data are presented as means ± SD. * Significant (P < 0.05) difference from baseline values F I G U R E 2 Knee-extensor rate of torque development (RTD) time course of adaptations in response to 6 weeks of resistance exercise training. Data are presented as means ± SD overweight men. On top of this, increases in muscle strength, size and RTD50 and 100 were also observed. Previous work has shown that single-set resistance exercise to failure can increase muscle strength (Mitchell et al., 2012) , but the present study is the first to demonstrate that such simple exercise, with a weekly time commitment of <1 h, can increase insulin sensitivity in overweight men and is also the first to demonstrate the time course of adaptations in muscle strength and size.
Previous work has demonstrated that resistance exercise can improve insulin sensitivity in people with type 2 diabetes (Umpierre et al., 2011) and, although there are fewer studies, the available data indicate a similar effect in healthy adults (Conn et al., 2014; Flack et al., 2011) . The present study agrees with these findings and has added to the body of evidence in healthy adults by showing that insulin sensitivity increases by ∼16%. Importantly, the exercise protocol in the present study, where participants performed a single set to volitional failure for each exercise, with the sessions lasting 15-20 min, involved a much smaller time commitment than the majority of previous resistance training interventions, which generally involved multiple (two to four) sets of exercise for each muscle group (Conn et al., 2014; Flack et al., 2011; Umpierre et al., 2011) . Thus, the present resistance training intervention might be pragmatically more appealing to many. Further study is needed investigate the effects a similar timeefficient resistance exercise training protocol in higher risk groups or those already with type 2 diabetes. A key limitation of the present study is that we have included only men and, although we have no reason to think that responses would differ in women, this remains to be established.
The present data add to the evidence base for the health benefits of resistance exercise, which includes a reduction in blood pressure, improvements in blood lipids and an association with lower mortality (Cornelissen, Fagard, Coeckelberghs, & Vanhees, 2011; Stamatakis et al., 2018) . Thus, it is clear why the physical activity recommendations include muscle-strengthening activities (World Health Organzation, 2011) . It is surprising, however, that participation in muscle-strengthening activities is so low. Indeed, analysis in Scotland has shown that only 31% of men and 24% of women met the muscle-strengthening guideline, which is around half the numbers of those that meet the guidelines for aerobic physical activity (Strain, Fitzsimons, Kelly, & Mutrie, 2016) . Although the reasons for this are not clear, the reported barriers to participation in resistance exercise training are broadly similar to those reported for general physical activity (Burton et al., 2017; Trost et al., 2002) , although there are some specific barriers to resistance exercise (e.g. fear of looking too muscular and perceived risk of a heart attack, stroke or death). Time, as for general physical activity, is cited as a major barrier to participation in resistance exercise training, and the present study, by using a single set of exercise, has shown that a relatively time-efficient form of resistance exercise training remains effective at improving insulin sensitivity and increasing muscle size and function.
Together with previous work (Burd et al., 2010; Fisher et al., 2011; Mitchell et al., 2012; Morton et al., 2016) , these data indicate that the current, and somewhat complex, recommendations (Ratamess et al., 2009 ) for resistance exercise could be changed to provide clear and simple advice that people should perform a single set to failure at a load acceptable to them.
Another novel aspect of the present study is that we have strength was measured every 10-11 days and vastus lateralis muscle thickness and muscle protein synthesis every 3 weeks (Brook et al., 2015) . Although Brook et al. (2015) found that strength increased progressively over the 6 weeks, muscle thickness and muscle protein synthesis were increased only during the first, but not the second, half of the intervention. The authors, therefore, concluded that hypertrophy predominates in the early part of resistance exercise training and that after ∼3 weeks this response wanes. The present study, however, disagrees with this assertion, with muscle size and strength increasing progressively during the 6 week training period. This is more in line with the findings of Damas et al. (2016) , who found hypertrophy from 3 to 10 weeks of resistance exercise training (three sets, nine to 12 repetitions per set, with load adjusted to maintain this repetition range and each set to failure) in young heathy men, although no hypertrophy was evident in the first 3 weeks of training.
The differences between these studies might relate to the participants studied, methods and/or the resistance exercise training intervention used, but we are currently unable to uncover the precise reasons.
This is also the first study to measured RTD after such exercise, and we found that RTD50 and 100, but not RTD200 and 300, increased over the exercise intervention. Previous work has found that longer term (14 weeks), more traditional resistance exercise can increase RTD 50, 100, 200 and 300 (Aagaard et al., 2002) . It may be that a longer duration of resistance training to failure would be required to see such increases.
The present study is not without limitations. We selected overweight individuals for this study because they were more likely to be a population who would benefit from such exercise. The participants recruited to the study were, however, all relatively insulin sensitive, and so whether these results hold true in a more 'at risk' population remains to be determined. We hypothesize that this would be the case, because more traditional resistance exercise regimens have been shown to improve insulin sensitivity in people with insulin resistance/type 2 diabetes (Umpierre et al., 2011) . On top of this, the present study did not include a control arm, and therefore the true magnitude of the effect of resistance exercise might differ from that reported here. A further, large-scale randomized controlled trial is therefore needed to confirm these findings.
In conclusion, the present study has shown that 6 weeks of singleset resistance exercise to failure results in improvements in insulin sensitivity and progressive increases in muscle size and strength in young overweight men. Such exercise, which is of shorter duration than the more traditional and recommended multiple-set resistance exercise training, might be a useful tool to improve muscle and metabolic health.
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